Introduction
From the coordination chemistry point of view the oxy-state of the active site of the oxygen carry ing m etalloprotein hemocyanin (= He) [1] [2] [3] can Verlag der Zeitschrift für N aturforschung, D-7400 Tübingen 0932 -0776/90/0500 -0607/$ 01.00/0 be classified as a binuclear copper(II) complex with the two coppers exogenously bridged by per oxide according to (1) [4 -6 ] ,
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The presence of an additional endogenous bridge OR (water?) in oxy-Hc is discussed, al though convincing experimental evidence for its existence is scarce [2, 7 -13] . Kinetic studies on He include deoxygenation and oxygenation, redox, addition and dem etalation reactions [2, 3, 14, 15] .
The broad interest in He and its role in the m etab olism of molluscs and arthropods has initiated ex tensive research on low molecular weight binuclear copper(II) complexes as potential models for oxyHc [16, 17] , the preparation of systems with oxy gen binding properties being a main goal [18] .
Reaction (2) is a standard procedure to remove copper from He and thus prepare the apo-protein [2, 3, 14, 15] . From the kinetic point of view this + CNõ xy-H c------------> apo-Hc (2) reaction is a rather complex multi-step process for most hemocyanins [2, 15] and its interpretation is hampered by the fact that the specific state of ag gregation (number and linkage of subunits) o f any hemocyanin can produce cooperative effects [15] . Considering the rather limited inform ation avail able in the literature on the kinetic behaviour of binuclear copper(II) model complexes [19] [20] [21] [22] we decided to carry out a systematic study on the kinet ics of ligand substitution according to reaction (3) [Cu2(LR 2 D 2 )(OH)] + 2 E D T A -+ 2 Cu(EDTA) + L R 2D 2
(charges omitted for clarity). The symbol [Cu2(L R 2 D 2)(O H)]2+ stands for a series o f cationic binuclear copper(II) complexes 1 -1 0 in which the two coppers are bridged by a phenolate and a hy droxyl oxygen, the other coordination sites being occupied by nitrogen.
2+
= [Cu2(L R 2D 2)(O H )]2+
The details of the ligand structure in copper complexes 1 -1 0 are the following: In complexes 1 -8 the two coppers are fourcoordinate (set o f donor atoms: N 2 0 2), whereas in 9 and 10 they are five-coordinate (N 3 0 2).
One o f the main questions to be answered by the present study is the question o f how the removal of the two equivalently bound coppers in complexes 1 -1 0 occurs kinetically and how the kinetic pat tern governing reaction (3) compares to that of na tive He.
Experimental
Materials and reagents
2,6-Diformyl-4-methylphenol was prepared ac cording to U llm ann and Brittner [23] , The amines H 2N -D needed for the preparation of the ligand systems in complexes 1 -7 and the amines 2-[(2-methylamino)ethyl]pyridine and N ,N ,N ',N '-tetraethyldiethylenetriam ine were commercially available (Aldrich and Merck; purity 95-99% ). Bis[2-(2-pyridyl)ethyl]amine for complex 10 was obtained by reacting 2-vinyl pyridine with N H 4 C1 [24] or with 2-(2-aminoethyl)-pyridine [25] . N aB H 4 (Merck), N a,ED TA -2H X > (Merck), N aC 104 • H 20 (Fluka), Cu(C104) 2 • 6 H 20 (Aldrich) and the buffers EPPS, MES and MOPS (Sigma) were used without further purification. Doubly C u(C 104) 2
distilled water (quartz apparatus) was applied for the kinetic studies.
Complexes
Complexes 2 -7 were prepared according to the following general procedure [26] .
A solution of 5 mmol 2,6-diformyl-4-methylphenol in 50 ml EtOH was reacted with 10 mmol of the corresponding amine H ,N -D to form the orange Schiff base. After addition of 1 g N aB H 4, dissolved in 2 0 ml water, and stirring for 1 h at room temperature the almost colorless solution was brought to pE[ 5 with dilute HC104 and fil tered. Dropwise addition of 10 mmol Cu(C104)2, dissolved in 2 0 ml water, to the filtrate led to a green solution, which was stirred for 15 min and filtered. Standing of the filtrate for 1 -3 days in an open beaker at room tem perature led in most cases to green crystals of [Cu^(T .R?D ,)(0H )](C 104)?, which were recrystallized from hot water. Some times viscous oils instead of crystals were formed, which was a problem.
Complex 1 was prepared by the m ethod de scribed by Robson and Dickson [27] , whereas complexes 8 -1 0 were obtained according to Sor rell, Jameson and O 'C onnor [28] .
Caution! The perchlorates thus prepared should be handled with great care to avoid explosions!
Results of elemental analysis (C, H, N) obtained for complexes 1 -1 0 were in fair agreement with theory. The UV/VIS data (collected with a diode array spectrophotometer, Hewlett-Packard 8451 A) are compiled in Table I .
X-ray structure determination
Crystals of 6 were grown by slow evaporation of an aqueous solution of 6 . Intensities were meas ured on a four-circle diffractom eter (Stoe-Stadi-4) using graphite-monochromatized M o -K a radia tion. Cell constants were determined by leastsquares methods from the 26 angles of 56 reflec tions (T = 25 °C) measured on the same instru- ment. LP and background corrections and a nu merical absorption correction were applied.
The structure was solved by SHELXS-8 6 and refined to the values given in Table II . Hydrogen atom s were positioned geometrically ( C -H dis tance 1.08 A) and not refined. All crystallographic calculations were performed with the program s SHELX-76 and SHELXS- 8 6 on an IBM 200 D com puter at Technische Hochschule D arm stadt. Scattering factors for C, H, N and O as stored in SHELX-76 [29] , Lists of atomic and thermal pa rameters as well as structure factor tables have been deposited*.
Kinetic measurements
Reaction (3) was followed at 350 nm with a modified [30] equation (4) or (5) with programs based on the least-squares method (A = absorbance; A\,A2 = amplitudes of the two exponentials; kobs = experi mental rate constant).
Results and Discussion
Preparation and properties o f the complexes
M ost of the complexes [Cu2(LR 2 D 2 )(0 H)](C1 0 4 ) 2 with R = H were ob tained in a direct procedure, i.e., without isolation of the ligand. After reduction of the double Schiff base (obtained by condensation of 2 ,6 -diformyl-4-methylphenol with the corresponding amine H2N -D ) with N aBH 4, the addition of copper(II) perchlorate led to the products 2 -7 . For complex es 8 -10 with R H a different synthetic route with the precursor 2,6-di(chloromethyl)-4-methylphenol [28, 31] had to be followed. Complexes 2 -4 , 6, and 9 have not been described in the litera ture so far.
The isolation and purification of the green perchlorates 1 -1 0 was in some cases difficult due to the form ation of viscous oils instead of crystals upon cooling. Therefore, the solutions were left at room tem perature for days to allow slow crystalli zation. For recrystallization very slow cooling of the aqueous solution (heated to approx. 80 °C be fore) was found to be the best way to avoid oil for mation. Isolation of crystalline tetrafluoroborate complexes instead of the hazardous perchlorate complexes turned out to be even more difficult.
The perchlorate complexes dissolve easily in m ethanol, ethanol and acetone and sufficiently in water.
UV/ VIS spectra
The UV/VIS spectra of the "four-coordinate" complexes 1 -8 are characterized by a weak d -d absorption (e = 125-220 M -1 cm -1) in the range 606-624 nm and a rather strong absorption (e = 1460-2980 M _ 1 cm "1) in the range 328-346 nm. The latter one can be assigned to charge transfer processes o f the type HO~ -> C u2+ and PhO~ -> Cu2+, respectively [32] , which are energetically not very different. For some complexes a weak shoul der in the range 350-390 nm can be observed.
A somewhat different behaviour is found for the "five-coordinate" complex 10, which shows two similarly strong CT bands at 348 and 394 nm, re spectively. Complex 9, which is also "five-coordi nate", differs from 10 in the sense that only one CT band is observed. Both the CT band (372 nm) and the d -d band (831 nm) o f complex 9 are signifi cantly red-shifted, however, which makes the spec trum of 9 differ from that of 10 as well as from those o f complexes 1 -8 .
A more detailed analysis of the CT band observed for the "four-coordinate" complexes 1 -8 leads to some interesting results: (i) methylation and ethylation of the primary -N H : groups in 1, as dem onstrated by the series 1 ( -N H , ) -» 2 ( -N M e 2) -» 3 ( -N E t:), is accompanied by a stepwise increase in / max and emax (see Table I ), (ii) the change from a chelate five ring (as formed by the donor group -D in complex 3) to a chelate six ring (as present in the corresponding complex 4) reduces the intensity of the CT band considera bly, and (iii) the spectroscopic effect produced by introducing a methyl group on the "rem ote" nitro gen (compare 8 with R = Me and 7 with R = H) is negligibly small.
As shown in Fig. 2 , the most obvious spectro scopic change associated with ligand substitution according to reaction (3) is the loss of the CT band of the binuclear complex [Cu2(LR^D2)(OH)]2+.
X-ray structure
In the case of complex 6 it was possible to grow single crystals suitable for an X-ray structure anal ysis. The complex crystallizes in the orthorhom bic space group Pbca (see Table I ). Fig. 1 a shows that the two coppers in complex 6 , as a first approxim a tion, can be considered to have co-planar m -N 20 2 coordination geometry. It follows from Fig. 1 b, however, that there are substantial deviations from planarity as far as the arrangement of the benzene and pyridine rings is concerned.
The distance C u (l)-0 ( 5 ) is 259.8 pm (see T a ble III), which suggests a weak coordination of the perchlorate anion (for the sake of clarity the sec ond perchlorate, coordinated to Cu(2), was om it ted in Fig. 1 b) . As to be expected, the distance T able III. Bond lengths (pm ) and b ond angles (Deg) characterizing the inner co o rd in atio n sphere o f the m etal in com plex 6.
98.48 C u ( l) -0 ( 2 ) -C u ( 2 ) 100.48 a U p p er limits o f stan d ard deviation for distances and angles are 4 pm and 0.4°, respectively. co p p er-n itro g en (aliphatic) (as characterized by the distances C u (l)-N (2 ) and C u(2)-N (3)) am ounts to 197.65 pm (mean) and is thus by 5.5 pm longer than the C u -N distance in the cor responding non-hydrogenated Schiff base com plex with a carbon-nitrogen double bond [33] , The C u -O (phenolate) distances in 6 are slightly long er than the C u -O (hydroxyl) distances (see Table III ) and the C u -C u distance (292.4 pm) is very close to the C u -C u distance in the corre sponding Schiff base complex (294.7 pm) [33] . The overall results are, (i) the structural details found for complex 6 are very similar to those de scribed in the literature for complex 5 [34] and re lated complexes [18, 28] , (ii) Fig. la demonstrates that, from the steric point of view, both copper centers appear to be easily accessible, which is of significance for the ligand substitution reaction studied.
Kinetic studies at p H 8.0
Ligand substitution according to reaction (3) is accompanied by a considerable decrease in ab sorbance at approx. 350 nm and a small increase in the range 700-800 nm (see Fig. 2 ). The stoppedflow experiments carried out at 350 nm (and in some cases also at 600 nm) led to absorbance/time data which could be fitted to a single exponential according to equation (4) . Fig. 3 gives an example for the quality of the fitting procedure, which leads to the experimental rate constant kobs (error: ± 1 -2 % ). As shown in Fig. 4 the data obtained for kobs at different concentrations of EDTA increase linearly with [EDTA] . These findings imply that reaction (3) is first-order in complex and follows rate law (6 ) .
----------> t/s A ligand-independent rate contribution, which would appear as intercept in Fig. 4 , is not found. This means that there is no proton or water in duced reaction channel. The fact that the observed change in absorbance (as shown in Fig. 3 for com plex 5) covers the full range expected for the com plete conversion of [Cu2(LR2D2)(OH)]2+ to the product, leads to the conclusion that removal of the first copper ion is rate-controlling and slow as com pared to the removal of the second copper ion.
The second-order rate constants k thus derived from the dependency kobs = f([EDTA]total) for the various complexes are compiled in Table IV . A na lyzing the data one recognizes that the differences in rate are quite dramatic.
It has to be pointed out that for complexes 3 and 8 fitting of the absorbance/time data to equation (4) was slightly less satisfying than for all the other complexes. Fitting to equation (5) with two expo nentials improved the quality of the fit. Table V presents the data tliUS obtained for kobs(l), kobs(2), A x and A2. One recognizes that the data obtained for rate constant k2 {i.e., for the slower step) are very close to those of rate constant k (see Table IV ), which results from fitting o f the data to only one exponential according to equation (4) . In addition, the relative contribution o f the fast reac tion, as characterized by the amplitude A x (see T a ble V) is very m inor as compared to that of the slow reaction, as characterized by A 2.
Kinetic studies in the p H range 6.6-8.5*
According to rate law (6 ), which was derived on the basis of kinetic data obtained at pH 8 , reaction (3) is first-order in complex and first-order in the total concentration of the attacking ligand EDTA. Since EDTA carries a total o f four carboxyl groups, which differ in their pKa values, one has to consider the question of which o f the species H iE D T A 2-, H E D T A 3-or EDTA4-is most domi-S p ectrophotom etric titratio n studies show ed th a t the com plexes decom pose at 5.5 > pH > 9. nant and m ost reactive at pH 8 . Therefore, reac tion (3) was studied at pH 8.5, 8.0, 7.6, 7.0, and 6 . 6 with complexes 2, 3, 7 and 8. (8 ) however, that the param eter k(H E D TA 3-) thus defined is still pH dependent. This means very clearly that there has to be another EDTA species additionally involved in reaction (3). As a m atter of fact, a satisfying and consistent interpretation of the observed pH dependence of reaction (3) is finally found with the two-term rate law (9).
Since both concentrations [H2ED TA 2-] and [H ED TA 3-] can be easily calculated for any con centration [EDTA]tota] and any pH value, computer-fltting of the experimental rate constants kobs to (9) allows the determ ination of the specific rate constants k(H 2 ED TA 2-) and k(H ED TA 3-) (see Table VI ).
It turns out that the reactivity of the species H 2 E D TA 2_ is substantially greater than that of the species H ED T A 3-(see last column in Table VI ). This means that at low pH (where considerable am ounts o f the species H2EDTA2-are present) reaction (3) is accomplished mainly through the first term in rate law (9) , whereas at high pH the second term controls the reaction.
Further kinetic results
In addition to the study of reaction (3) were carried out with NTA (= nitrilotriacetic acid) and CDTA (= /röfts-l,2 -diaminocyclohexanetetraacetic acid). As compared to EDTA the tetradentate ligand NTA turned out to be equally suita ble for removal of the copper according to (3) . The reaction between complex 3 and NTA at pH 8.1 also follows rate law (6 ) and is also biphasic with kj = 3,900 ± 100 M _,s_1 and k2 = 393 ± 4 M -1s -1. NTA is thus more reactive than EDTA by a factor o f about 2 (see Table V ). The ligand CDTA, like EDTA and NTA, reacts with [Cu2(LR 2 D 2)(O H)]:+, but the kinetics appear to be more complicated.
It was also attempted to remove the copper from the binuclear complexes 2 and 3 with monodentate ligands such as cyanide and thiocyanate ion, the use of CN~ ion being o f special interest with regard to the corresponding reaction o f oxyHc according to (2) . The result was that the SCN~ ion does not react, whereas the CN~ ion is too fast for the stopped-flow time scale (the reaction was complete to more than 60% within the mixing time of the apparatus).
Discussion o f the kinetic results
Considering the binuclear character of the com-
C lllV a lllV^ ICIV^L, L11CIL i tion (3) takes place in aqueous medium, one would expect to observe two separate steps (reflecting the removal of the two copper ions) and the participa tion of water molecules or protons as species that are able to initiate ligand-independent reaction pathways. These expectations are only partly ful filled. Rate laws (6 ) and (9) clearly prove that there is no water or proton induced reaction channel, which is in some way surprising. The second-order reaction of the binuclear complexes with either H tE D TA 2-ion or H ED TA 3" ion is obviously much faster than that with H 20 or H +, at least at pH > 6 .6 . Only for two of the ten complexes stud ied biphasic kinetics are observed, the contribution of the fast step (rate constant k,) to the overall rate being very small (see amplitudes A , and A2 listed in Table V ). Both rate constants k, and k2 obtained for complexes 3 and 8 , which react with EDTA in a biphasic fashion, describe second-order reac tions following rate law (6 ) . Since, in addition, the data obtained for k2 (rate constant for the slow step; see Table V ) and k (second-order rate con stant resulting from the fit of the absorbance/time data to one exponential; see Table IV ) are very similar, it is most plausible to assign k, and k2 ac cording to reactions ( 1 0 ) and ( 1 1 ), respectively
(charges omitted The coordinated water molecule in this interme diate respresents a very labile position and it is very understandable, therefore, that the k, step, as com pared to the slower k2 step, is a fast consecu tive reaction which cannot be observed in most cases (one should point out that complexes 3 and 8 , for which biphasic kinetics are observable, represent relatively "slow" complexes).
The overall result then is that copper removal according to (3) is controlled by the second-order reaction between the binuclear, OH-bridged com plex [Cu2(LR 2 D 2)(O H)]2+ and EDTA, as charac terized by rate constant k (see Table IV ). It follows from the pH dependence of k that both species H .E D T A 2' and H E D T A 3' attack the complex ac cording to (12) and (13) . From the electrostatic point of view (cation/anion interaction) one would
expect reaction (13) to be faster than (12) . The fact that k(H 2 ED TA 2 -)/k(H ED TA 3~) ^ 1 (see Table VI ) could indicate, however, that the availa bility of protons to be transferred from the attack ing EDTA species to the hydroxyl bridge of the bi nuclear complex is more im portant than the charge effect. At pH 8.0, where most of the kinetic data were collected, the relative concentration of the species H 2 ED TA 2~ is very small and the kinetics are there fore simply described by reaction (13) and rate law (6 ) . Rate constant k (~ k(H ED TA 3~), as compiled in Table IV , is the adequate param eter at pH 8.0 to reflect the reactivity of complexes 1 -1 0 which differ in the nature of the groups D and R and in coordination number.
The discussion of rate constant k as a character istic measure for the reactivity of complexes 1 -1 0 necessitates a mechanistic interpretation of reac tion (3) and rate law (6 ), respectively. Taking into account the tendency of planar four-coordinate copper(II) complexes to add another donor group and become thus five-coordinate [36] , it is most plausible to postulate, according to Scheme 1, a fast pre-equilibrium (14), which is followed by rate-controlling cleavage of the C u-O (hydroxyl) bond and simultaneous proton transfer from the coordinated species H E D T A 3-to the hydroxyl bridge (see (15) ). All subsequent steps (such as re moval of the first copper to form the m ononuclear intermediate, attack of a second H E D T A 3-ion at the second copper as well as its removal) appear to be fast consecutive steps which are not observed experimentally in most cases*.
The formal kinetic treatm ent of this mechanism (see Scheme 1) which can be classified as an asso ciative (A) mechanism, leads to rate law (16) to (17) and the experimental second-order rate constant k (~ k(H E D TA 3") for pH 8 ) corresponds
to k ^ kp-K. The experimentally observed variation in rate constant k (see Table IV ) is therefore caused by ei ther changes in equilibrium constant K or rate constant kp. In other words: it is either the ability of complexes 1 -1 0 to form adducts with the a t tacking ligand EDTA or the strength of the C u-O (hydroxyl) bond (plus the availability of protons on the attacking EDTA species) that de termines the size of k and, hence, the rate o f copper removal according to (3), (12) or (13), respectively.
The "five-coordinate" complexes 9 and 10 are clearly those, where internal blocking of the axial sites prevents adduct form ation according to (14) and causes extreme low reactivity, therefore. The decrease in k observed for the sequence
-N E t 2) could also be due to in creased steric crowding near the copper which hin ders adduct formation with EDTA. On the other hand, the basicity of the nitrogen in the donor group D is surely affected by the alkyl groups, which consequently could have an effect on the strength of the C u-O (hydroxyl) bond and, hence, on rate constant kp. The more than tenfold re duced reactivity of complex 4 as compared to 3 sig nalizes an interesting chelate ring size effect, which one would prefer to classify as an effect on kp. With the donor function D being an a-pyridyl group such as in 6 and 7, the chelate ring size effect just mentioned is of the same order and direction. The fact that k(7) k(8 ) is most remarkable in the sense that even a '"rem ote" methyl group (R =M e instead of R = H) is able to produce a strong ratereducing effect, which is not predicted by Scheme 1. 
The knowledge of equilibrium constant K v could shed some light on the size of rate constant k as being controlled either thermodynamically (K) or kinetically (kp).
Conclusions
The binuclear copper(II) complexes [Cu2(L R 2D 2)(O H)]2+ are more or less planar sys tems with four-coordinate (1_ 8) or five-coordi nate (9, 10) copper centres. Addition of EDTA leads to removal o f the copper ions, the rate of copper removal being first-order in complex and EDTA, respectively. The pH dependence suggests that both species H E D T A 3~ and H 2 ED TA :~ are able to react with the complexes in a second-order reaction, the species H 2 ED TA 2~ being considera bly more reactive. The kinetic results clearly show that the removal of the first copper is rate-control ling and that the m ononuclear intermediate thus formed is much more reactive towards EDTA than the binuclear complex. The sum o f the kinetic findings supports the operation of an associative (A) mechanism. The rate of copper removal is strongly affected by the nature of the donor group D and substituent R.
The model character of complexes [Cu2(L R 2D 2)(O H)]:+ for the active site of oxyhemocyanin is limited since they react much faster and follow single-step kinetics.
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